INTRODUCTION 43 44
Amyloid fibrils are well known for their association with protein misfolding diseases, 45 collectively known as Amyloidoses, as well as several neurodegenerative disorders. Each 46 disease is characterised by a specific protein that accumulates in the peripheral tissues, in 47 peripheral organs or in the brain. All amyloid fibrils have a core cross-β molecular architecture 48 composed of β strands that stack perpendicular to the long fibril axis to form protofilaments up 49 to several microns in length 1 . Multiple protofilaments can laterally associate to form twisted 50 fibrils with a hydrophobic core 2,3 . Alzheimer's Aβ is one of the best known of the amyloid 51 proteins, others include islet amyloid polypeptide in diabetes type 2 4 , β-2 microglobulin in 52 dialysis related amyloidosis 5-7 , transthyretin in familial amyloidotic polyneuropathy 8,9 53 amyloid A (AA) in acute phase amyloidosis 10 , tau in Alzheimer's and other tauopathies, and 54 a-synuclein in Parkinson's disease 11 . There are also many known amyloid forming proteins 55 that are not associated with disease but with biological function, including structural 56 components of biofilms such as Curli expressed in E. coli, 12,13 and amyloid fibrils involved in 57 human skin pigmentation such as Pmel17 14, 15 . 58 59 Advances in high resolution structural determination techniques such as X-ray crystallography, 60 solid-state nuclear magnetic resonance (ssNMR) and cryo-transmission electron microscopy 61 (cryo-EM) have recently revolutionised our understanding of amyloid fibril structures [16] [17] [18] [19] . For 62 example, recent cryo-EM and ssNMR structures of Aβ 17,20,21 and tau 16,22,23 reveal parallel, in 63 register organisation of the proteins within the cross-beta core. These advances provided 64 molecular information on the 3D fold of the monomeric subunits within the core of distinct 65
fibril types in addition to information about the intermolecular interactions between amino acid 66 -4 -residues 24 . The impact of mutations on the core fold, for example in familial forms of 67
Alzheimer's disease, can therefore be accessed 20 . Thus, on an atomic scale, these techniques 68 have advanced our understanding of the core structures that make up individual amyloid fibril 69 types. 70
71
On a mesoscopic (micrometre to nanometre) scale, amyloid fibrils display a high degree of 72 polymorphism and amyloid populations are often highly heterogeneous. This has been 73 demonstrated in disease related amyloid fibrils in both in vitro and ex vivo samples, as well as 74 in samples of functional amyloid [25] [26] [27] . For example in a study involving Aβ, ssNMR data was 75 compared for fibril structures taken from various patients which showed that the structures of 76 the fibrils observed were highly varied from patient to patient in both Aβ and Aβ 28 . 77
Structural characterisation has revealed that many amyloidogenic proteins can form 78 polymorphic structures, revealing that, for example, AA can fold into different conformations 79 dependent on the species as well as the individual patients 29 , while tau has been shown to form 80 different polymorphs in different tauopathies 16, 22, 30 . 81
82
Structural polymorphism in amyloid fibrils, can be dependent on the number and orientation 83 of the protofilaments that are arranged within a fibril 31 , as well as the conformation of the 84 monomeric subunits that make up the core of the fibril structure which is in turn dependent on 85 the primary sequence 32 . Fibril structural polymorphism can be identified by the twists along 86 the longitudinal axis of the fibrils producing varied periodic cross-over distances, and by the 87 shape and size of the cross-sectional area of the fibril 33 . Polymorphism is of interest due to the 88 possibility that different fibril polymorphs may have different physical properties, such as the 89 rate of fragmentation 34, 35 or the ability to act as a catalytic surface for secondary nucleation 35, 36 . 90 Different physical properties could in turn result in different biological activities, such as the 91 -5 -potential to propagate in a prion-like manner 37 , the ability to associate with cytotoxic active 92 species 38 or the impermeability of a biofilm matrix 39 . Another example of an amyloid structure 93 function relationship is demonstrated by the difference in the structures of murine and human 94 AA which results in a lower efficiency for the induction of amyloidosis between species 29 . 95
Using electron microscopy (EM) and atomic force microscopy (AFM), it has been possible to 96 observe and differentiate between polymorphs in amyloid fibril samples 27 . However, since 97 fibril polymorphism has generally only been assessed in a qualitative manner with respect to 98 the overall heterogeneity of amyloid fibril data sets 27 , the structural, physicochemical and 99 mechanistic origin of polymorphism, the extent to which it exists and its effect on biological 100 activity is not known. 101
102
In order to identify, classify and quantify amyloid fibril polymorphism, as well as enumerate 103 the heterogeneity of amyloid samples, the structure of individual fibrils in a sample population 104 must first be resolved at sufficiently high-resolution so that individual twist patterns, twist 105 handedness and cross-sectional profiles are distinguishable at a single-fibril level without 106 cross-filament averaging. Here, using a force-curve based AFM imaging at low contact forces, 107
we are able to image, in sufficiently high detail, individual fibrils made from three different 108 peptides with sequences HYFNIF, VIYKI and RVFNIM. These peptides are short 109 amyloidogenic sequences originating within larger proteins (Human Bloom syndrome protein, 110
Drosophila Chorion protein and Human elF-2, respectively 40 ) identified via the Waltz 111 algorithm 41 . Structural models of the amyloid protofilament cores from the Waltz peptide 112 assemblies have been presented previously (Figure 1 ) which were validated using X-Ray Fibre 113 Diffraction (XRFD) data, but these assembly reactions have also been previously observed to 114 produce a large range of fibril polymorphs upon assembly 40 . Thus, they provide excellent 115 model systems for investigating the structural basis of polymorphism within amyloid 116 -6 -populations. Here, using the AFM image data sets collected, each individual fibril observed in 117 AFM images were reconstructed as a distinct 3D model, and the structural parameters of 118 individual fibrils in the sample populations were measured and compared. Finally, we 119 employed an agglomerative hierarchical clustering method to classify fibril polymorphs by 120 measuring the structural differences observed between individual fibrils. The results show that 121 variation in the degree of structural polymorphism and the heterogeneity of amyloid fibril 122 samples are highly sequence specific. More importantly, the data and analysis here demonstrate 123 that that each individual amyloid fibril has characteristics that are different to those of the 124 population average. 125 -7 -samples collected using force-curve based imaging are shown in Figure 2 . Closer inspection 142 of these images shows that fine details such as the length and handedness of repeating patterns 143 in the fibrils can be readily observed without any further processing of the raw image data. 144
Qualitatively, it is clear that there is a high degree of heterogeneity in these samples since many 145 fibrils of different heights and twist patterns, including some with different handedness can be 146 observed from within the same image. An informative method for visualising and comparing polymorphic filament structures in high 159 detail is to reconstruct 3D models of the filaments from the AFM image data. In this case, 160 because AFM is a high signal-to-noise imaging method, we were able to reconstruct 3D 161 structural models with sufficient detail without averaging across multiple filaments, thus 162 producing individual models for each of the traced fibrils. 3D reconstruction also allows for 163 visualising and comparing filament structures without the influence of the varying degree of 164 tip-sample convolution on the AFM images due to varying cantilever tip dimensions across 165 different images (evident in the varied apparent width of the fibrils within the images in Figure  166 here, VIYKI peptide assembly showed the most structural heterogeneity with a SD of 2.57, 201
RVFNIM had a SD of 1.98 and HYFNIF showed the least structural heterogeneity with a SD 202 of 1.40. 203
204
In order to display the whole fibril population of morphometric measurements, the average 205 height was plotted against the directional periodic frequency as a contour map which is shown 206
in Figure 6 . The contours represent the density of the data in specific regions (seen as two-207 dimensional projections in Figure 6 ). The information gained from the contour map is 208 analogous to a plot of an energy landscape for the assembly reactions where deeper energy 209 wells represent more likely structures. As shown in Figure 6 , both HYFNIF and VIYKI peptide 210 assembly reactions appear to be dominated by the formation of left-handed twisted fibrils. 211
Interestingly, in contrast, RVFNIM peptide assembly displays no overall dominant preference 212 for twist handedness. There is, therefore, a sequence specific energetic favourability for 213 forming predominantly left-handed or right-handed fibrils. In contrast to RVFNIM and VIYKI, 214 HYFNIF fibril polymorphs were mostly populated in one narrow region of the contour map 215 with a few outliers, suggesting that there was a deeper preference for one class of assembly 216 -10 -compared to the other two sequences. Fibrils made from the VIYKI peptide however, covered 217 a large range of polymorphs with different average heights and periodic frequencies, 218 populating a large area in the contour diagram in Figure 6 , suggesting that there were multiple 219 classes of structure that were almost equally likely to occur, and therefore similar in terms of 220 the free energy associated with protofilament assembly. RVFNIM fibrils displayed an 221 intermediate level of heterogeneity, with some preference for specific classes of both left-hand 222 and right-hand twisted polymorphs. On a contour plot of the minimum height vs the maximum 223 height, shown in the Supplementary Figure SI 4 , VIYKI fibrils showed a tendency to have 224 more similar values for minimum and maximum heights suggesting a preference for cross-225 sections with a particularly rounded shape whereas HYFNIF and RVFNIM assembled into 226 fibrils that may have a larger maximum height than minimum height. This was also observed 227 when the average cross-sectional areas of the models were plotted against the average height 228 of the fibrils where the cross-sectional areas of VIYKI fibrils are distributed close to the line 229 expected for circular cross-sections (cross-sectional area proportional to width squared). These 230 observations support the qualitative assessment of the models in which the VIYKI fibrils 231 overall appear to be more cylindrical. In summary, the three different assembly reactions, 232 despite all resulting in amyloid fibrils with cross-beta core, display different assembly free 233 energy landscapes, which are influenced by their side chain composition. This results in 234 sequence specific preferences in the polymorphs that they form (e.g. in terms of width, twist 235 and handedness) is due to variations in the packing of the side-chains within the protofilaments, 236 the packing of the protofilaments in the fibrils or a combination of both, and results in 237 differences in the heterogeneity of the fibril populations. are presented. In order to separate the fibrils into 'classes', the data must be analysed at 256 appropriate distance cut-offs. The distance cut-off determines the maximum distance within 257 any clusters (or class). Therefore, the number of clusters at a given distance cut-off is indicative 258 of the heterogeneity of the data set. A greater number of clusters suggest that the data is more 259 spread out and therefore more heterogeneous. The dendrograms shown in Figure 7a have been 260 collapsed based on a distance cut-off of 1 (standardised Euclidean distance) show how the 261 datasets were subsequently classified in Figure 7b and 7c . 262
263
In total, at a distance cut-off of 1 in the standardised 5-dimensional Euclidean space, 13 264 separate clusters were generated by HYFNIF polymer assembly, 22 clusters were generated by 265 RVFNIM polymer assembly and 19 clusters were generated by VIYKI polymer assembly. High-resolution images of amyloid fibril samples assembled from three amyloidogenic peptide 283 sequences using a gentle, force-based AFM approach allowed for the detailed quantitative 284 structural identification of polymorphs at a single fibril level. Individual 3D reconstructed fibril 285 models were made for every traced fibril in the data set which included ~90 fibrils from each 286 peptide assembly and 266 fibrils in total. This demonstrates the utility of AFM as an imaging 287 method for the structural analysis of amyloid fibril populations at the single fibril level, and is 288 highly complementary to cryo-EM methodologies. Morphometry is the process of measuring 289 differences in the structures of objects and is often performed to measure differences in 290 anatomy such as physiological differences in the brain 46,47 . Here, we perform quantitative nano-291 -13 -morphometric measurements on individual fibrils in heterogeneous amyloid samples. Using 292 our AFM data, we were able to make quantitative measurements of different structural 293 parameters which allowed us to distinguish between different polymorphs of amyloid fibril 294 structure. Indeed, the data shows that each fibril in the amyloid samples is unique. The The overall heterogeneity of the samples made from each different Waltz peptide precursor 302 was quantified and enumerated. These results also provide an indication of the energy 303 landscape associated with the filament assembly reaction of each peptide. In the cases 304 compared here, it was revealed that VIYKI assembly resulted in an overall more heterogeneous 305 population than the other two peptides and that VIYKI and HYFNIF fibril assemblies are 306 dominated by the formation of left-handed fibrils, whereas RVFNIM assemblies shows no 307 overall preference to handedness as similar sized populations of both left-hand and right-hand 308 twisted fibrils were formed. It has been thought that left-handed predominance in amyloid 309 fibrils is a result of the natural curvature of the β-strands that make up the monomeric subunits 310 which comes from the backbone of the polypeptide chains from L-amino acids 48 . The results 311 here supports the idea that preference for left-handedness is not absolute and the preference for 312 handedness could be modulated by side-chain sequence 49,50 . In this case, the side-chains in 313 RVFNIM assemblies may counteract the natural curvature of the β-strand due to the influence 314 of specific side chains interactions in some polymorphic arrangements. Overall, the specific 315 energetic explanation for the difference in behaviour between the three peptide assemblies 316 -14 -remains unknown. However, the data here demonstrate the considerable influence of amino 317 acid sequence in filament assembly reactions and opens up the possibility of systematic 318 sequence-structure analysis of cross-b assemblies. Furthermore, utilising an agglomerative 319 hierarchical clustering approach, we were able to objectively assign individual fibrils to 320 different classes of fibril polymorph. By analysing the dendrograms that allowed visualisation 321 of the similarities and dissimilarities between individual fibrils, it was possible to identify the 322 natural divisions in the datasets and existence of clusters that existed in the data. This 323 information was then used to classify individual fibrils to a cluster. The number of clearly 324 defined clusters also corroborated the overall heterogeneity of the data sets. The distance 325 between the fibril classes may also reflect the possible plasticity of the types of polymorph 326 observed in each data set. For example, VIYKI fibrils are likely belong to a predominant type 327 of polymorph, which is very different to any other type of possible VIYKI fibril polymorph. For example, thicker fibril polymorphs with a circular cross section will have a different second 339 moment of inertia compared to thin polymorphs with a more oval shaped cross section, which 340 could result in differential stability to fibril fragmentation. Thicker fibrils with large surface 341 -15 -areas per length may provide more sites for secondary nucleation events than thinner fibrils 342 with small surface areas. Thus, fibril polymorphs displaying different properties would likely 343 have different biological activities, even formed from identical precursors and present within 344 the same population. In this case, individual fibrils within a population may also have higher 345 rates of fragmentation that could result in a greater likelihood for propagation 51, 52 or 346 cytotoxicity 34 , or higher rates of secondary nucleation that could result in more cytotoxic active 347 
In vitro polymerisation 382
To prepare amyloid fibril samples formed from the three Waltz peptides, 1 mg of the respective 383 lyophilised powder was dissolved in 100 μl of filter sterilized milli-Q water to a final 384 concentration of 10 mg/ml. The solution was incubated at room temperature for 1 week prior 385 to imaging. This allowed for the 'maturation' of the fibrils from all three Waltz peptide samples 386 to occur within a standardised amount of time. 387
388

AFM sample preparation and imaging 389
Each Waltz peptide assembly sample was diluted to 0.05 mg/ml in a dilute solution of HCl (pH 390 2.0, made up using filter sterilised milli-Q water). Immediately after dilution, 20 μl samples 391 -17 -were deposited onto freshly cleaved mica surfaces (Agar scientific, F7013) and incubated for 392 10 minutes. Following incubation, the sample was washed with 1 ml of filter sterilised milli-Q 393 water and then dried using a stream of nitrogen gas. Fibrils were imaged using a Multimode 394 AFM with a Nanoscope V (Bruker) controller operating under peak force tapping mode using 395 was used with a noise threshold of 0.5 nm and the Z limit was reduced to 1.5 μm. The peak 399 force set point was set automatically, typically to ~675 pN during image acquisition. Straightened fibril traces were corrected for the tip-convolution effect using an algorithm based 415 on geometric modelling of the tip-fibril contact points (Lutter et al., 2019a, in preparation) . 416 -18 -Briefly, the variation in the tip radius from their nominal value was first determined. Tip radii 417 can be estimated by imaging standards such as gold nanoparticles with known dimensions 66 . 418 It is also important to consider that the tip can become blunter with scanning action and the tip 419 radius can widen over time. Therefore, the tip radius was estimated for each individual fibril 420 on an image from the extent of convolution seen in data by assuming the twisted amyloid fibrils 421 have ideal corkscrew symmetry with circular average cross-section of the fibril perpendicular 422 to its axis of rotation. The algorithm then corrects for the lateral dilation of nano-structures 423 resulting from the finite dimensions of the AFM probe, without the loss of structural 424 information, by resampling of the fibril images to tip-sample contact points. This results in 425 recovering subpixel resolution of lateral sampling. Each pixel value in the straightened fibril 426 data is then corrected in their x, y and z coordinates. Filament helical symmetry was estimated 427 by building 3D models with various symmetries from the data, back calculating a dilated AFM 428 image and comparing the angle of the fibril twist pattern with that of the straightened fibril 429 trace in the simulated images and in the 2D Fourier transform of the simulated images. Then 430 for construction of the 3D models, the degree of twist per pixel along the y-axis was found by 431 dividing 360° with the product of fibril periodicity and its symmetry number (e.g. 1 2 or 3 etc.). 432
The 3D models were made assuming a helical symmetry using a moving-window approach, in 433 which a window, centred at a pixel n, contained the pixels nx to n + x where x is the axial 434 length covered by 180° twist. The central pixel n is not rotated while neighbouring pixels on 435 both sides along the y-axis are rotated by a rotation angle, which is the product of the twist 436 angle and the distance from n in pixels. Rotation angle values are negative in one direction 437 from n and positive in the other direction, with the specific direction depending on the 438 handedness of the fibril, determined by manual inspection of the straightened fibril image and 439 its 2D Fourier transform image. 
Nano-morphometric measurements on individual fibrils 442
Fibril image datasets for RVFNIM, HYFNIF and VIKYKI were analysed with 92, 89 and 85 443 individually traced and characterised fibrils, respectively. Five morphometric parameters were 444 extracted from the image data for each of the fibrils and the 3D models of the individual fibrils 445 as shown in Figure 5 The maximum, minimum and average heights were measured on the As expressed in Equations (1), therefore, the Euclidian distances are standardised by dividing 465 the distance in each of the morphometric parameter with their global standard deviation. Hence, 466 -20 -the standardised Euclidean distance, d, between two fibril data-points is a unitless measure of 467 the similarity (or dissimilarity) between the two. The distance standard deviation SD of the 468 morphometric data as a measure of the heterogeneity of the fibril populations was defined as 469 the standard deviation of , , which is the standardised Euclidean distance between each 470 of the data points and the mean of all the data points, as shown in equation (2). 478 In Equation (3), d(r, s) is the average distance between cluster r with n r data points and cluster 479 s with n s data points. Explained briefly, the shortest distance between any two data points 480 within a data set is found. Those two data points are then considered to be a cluster, and the 481 average coordinate of the two data points in the 5-dimensional space is used as the coordinate 482 of the cluster. This is then repeated until all of the data is linked under one cluster. column and each subsequent column shows a 2-fold increase in magnification indicated by the 658 white boxes. Different structural polymorphs are readily visible at high magnification including
